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Abstract
Complementary approaches have been taken to better understand the sources and
their spatial distribution for secondary inorganic (nitrate and sulphate) and secondary
organic aerosol sampled at a rural site (Harwell) in the southern United Kingdom. A
concentration ﬁeld map method was applied to 1581 daily samples of chloride, nitrate 5
and sulphate from 2006 to 2010, and 982 samples for organic carbon and elemental
carbon from 2007 to 2010. This revealed a rather similar pattern of sources for ni-
trate, sulphate and secondary organic carbon within western/central Europe, which in
the case of nitrate and sulphate, correlated signiﬁcantly with EMEP emissions maps of
NOx and SO2. A slightly more southerly source emphasis for secondary organic carbon 10
may reﬂect the contribution of biogenic sources. Trajectory clusters conﬁrm this pattern
of behaviour with a major contribution from mainland European sources. Similar be-
haviours of, on the one hand, sulphate and organic carbon and, on the other hand,
EC and nitrate showed that the former are more subject to regional inﬂuence than the
latter in agreement with the slower atmospheric formation of sulphate and secondary 15
organic aerosol than for nitrate, and the local/mesoscale inﬂuences upon primary EC.
In a separate study, measurements of sulphate, nitrate, elemental and organic carbon
were made in 100 simultaneously collected samples at Harwell and at a suburban site
in Birmingham (UK). This showed a signiﬁcant correlation in concentrations between
the two sites for all of the secondary constituents, further indicating secondary organic 20
aerosol to be a regional pollutant behaving similarly to sulphate and nitrate.
1 Introduction
The European Union, in common with many other administrations, has established
tough targets for air quality in order to limit adverse eﬀects upon human health. There
have long been limit values for PM10 of 40µgm
−3 annual mean with no more than 35 25
days per year exceeding a daily mean concentration of 50µgm
−3. However, a plan to
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strengthen this limit value in 2010 was deferred since some countries were unable to
meet the pre-existing limit value. More recently, the EU (Oﬃcial Journal, 2008) has set
limit values for PM2.5 of 25µgm
−3 to be met by 2015 and more importantly an exposure
reduction target designed to reduce average population exposure to PM2.5 by the year
2020. The latter operates on a sliding scale with larger percentage reductions of up to 5
20% required for those countries with higher PM2.5 concentrations.
Inevitably, the legislative pressures arising from air quality standards and guidelines
turn attention to source attribution of particulate matter in its broadest sense, i.e. what
source categories are responsible and what is their geographic distribution. In the case
of the United Kingdom, Yin et al. (2010) have published source apportionment esti- 10
mates for PM2.5 at an urban and a rural site in the West Midlands area. The data,
based upon sampling only ﬁve days per month for twelve months at the two sites re-
vealed a major contribution from secondary aerosol constituents. The same is true
of PM10 (Yin and Harrison, 2008). In the case of PM2.5, Yin et al. (2010) reported
for the urban background site that secondary ammonium sulphate comprised 36%, 15
secondary ammonium nitrate, 16% and secondary organic matter, 19%. Large con-
tributions of secondary aerosol constituents to PM10 and PM2.5 are observed in other
European locations (e.g. Putaud et al., 2010; Carbone et al., 2010; Vercauteren et al.,
2011; Im et al., 2012; Minguillon et al., 2012). Thus, overall, secondary components
dominate the PM2.5 mass hence focussing attention on their properties with respect 20
to developing abatement strategies. In the case of sulphate and nitrate, the chemical
processes responsible for atmospheric formation are well known, although the relative
importance of homogeneous and heterogeneous mechanisms is very diﬃcult to dis-
cern, leading to major challenges for modelling their atmospheric production. In the
case of secondary organic aerosol, the processes are far more complex involving a 25
very wide range of precursors, and knowledge is relatively poor.
There are essentially two ways of gaining a better understanding of secondary
aerosol sources and their geographic distribution. The most frequently used is the
chemistry-transport model which yields valuable insights but depends critically on the
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parameterisation of the oxidation processes. It also requires a knowledge of the chem-
istry and physics of formation of secondary organic aerosol beyond that currently avail-
able. Consequently, although chemistry-transport models are an immensely important
tool, there are considerable uncertainties associated with their predictions. The alter-
native is to use statistical receptor modelling methods which depend upon analyses of 5
measured air quality data. A wide range of techniques now exist and these can provide
important insights into the sources responsible for measured concentrations and the
geographic distribution of those sources. In this paper, we deploy a number of such
techniques in order to elucidate sources of secondary particulate matter components.
2 Data and methods 10
2.1 Sampling sites
2.1.1 Harwell sampling supersite (regional background site)
Particulate nitrate, sulphate, chloride, elemental and organic carbon and gravimetric
PM10 and PM2.5 collected from January 2006 to December 2010 are included in this
study (see Table 1 for a summary of the available data). 15
The Harwell observation site (51
◦34
016
00 N; 1
◦19
031
00 W) is representative for rural
background concentrations of the southern parts of the United Kingdom (Fig. 1). The
site is located 80km almost due west of central London. It is in the grounds of the
Harwell Science Centre in Oxfordshire and is on open land with agricultural ﬁelds. The
nearest road is on the east of the Science Park, around 400m from the monitoring site, 20
and used for access to the Research Centre only. The nearest trees are at a distance
of 200–300m from the monitoring station. The sampling site is around 2km from a
busy four lane highway (A 34) located to the east (10–170
◦; the closest part, less than
2km away is around 80–120
◦) and about 7km from the Didcot Power Station, a gas
and coal-ﬁred power station, located to the north east (30–40
◦), and industrial activities 25
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to the north north-east (Milton Park estate 6km away, 10–30
◦). A careful analysis of
data has shown a minimal inﬂuence of power station emissions on 24-h concentrations
(Jones and Harrison, 2011). The closest village is the small Chilton village located to
the east 2km away, 88–108
◦.
In the dominant westerly wind direction, Harwell is inﬂuenced by maritime air masses 5
from the North Atlantic. In the easterly directions, it is also inﬂuenced by aged air
masses from Greater London or from continental Europe. Anthropogenic emissions
are mostly located in these directions, and European continental air masses may pass
over the London area receiving additional anthropogenic emissions before reaching
the site. The Harwell site is a highly representative rural site from which to evaluate the 10
regional background deﬁned using the PM10 concentration measured at the rural sites
(Charron et al., 2007).
2.1.2 Elms Road Observatory Site (EROS)
EROS (N 52:27:13; W 1:55:41) is an urban background site located in an open ﬁeld
within the Birmingham University campus. The site is about 3.5km southwest of the 15
centre of Birmingham, which has a population of over one million and is part of a
conurbation of 2.5 million population. The nearest anthropogenic sources are a nearby
railway, some moderately traﬃcked B roads and other surrounding activities from the
university and local residents. It is about 115km to the NNW of Harwell.
2.2 Sampling 20
2.2.1 Inorganic anions (sulphate, nitrate and chloride) collected at Harwell
Daily sampling of the inorganic components of PM10 were made using a Thermo Parti-
sol 2025 sequential air sampler. The Partisol samplers provide uninterrupted sampling
of ambient air and automatic exchange of ﬁlters for up to 16 days. The instrument used
an airﬂow of 16.7 litres per minute through a PM10 inlet and the ﬁlter temperature was 25
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maintained to within ±5
◦C of ambient temperature. Until October 2007, those samples
were collected on glass ﬁbre ﬁlters (Emfab, PTFE-bound glass ﬁbre). From October
2007, ultra pure quartz ﬁlters have been used. Extracts from the ﬁlters were dissolved
in an eluent of 3.5mM sodium carbonate and 1mM sodium hydrogen carbonate and
analysed in the laboratory using ion chromatography according to the method of Yin 5
and Harrison (2008). Ambient concentrations were derived from the mass measured
on the ﬁlter and the airﬂow during the sampling period.
2.2.2 Gravimetric PM10 and PM2.5 collected at Harwell
Two Partisol instruments measured simultaneously the PM10 and PM2.5 particles on a
daily basis. 10
Quartz ﬁbre ﬁlters (Whatman QMA 47mm diameter ﬁlters, 0.6mm pore size)
have been used for the collection of particulate matter. Pre-conditioning and post-
conditioning of ﬁlters were undertaken in accordance with the requirements of prEN
12341. Blank and dust-loaded ﬁlters are handled according to the same protocols.
2.2.3 Elemental and organic carbon (EC and OC) collected at Harwell 15
The main dataset (2006–2010) was collected daily at the Harwell site by the National
Physical Laboratory using a Partisol sampler with a PM10 inlet and a ﬂow rate of
16.7lmin
−1 on quartz ﬁbre ﬁlters. Collected samples were analysed using the QUARTZ
protocol using both reﬂectance and transmittance corrections for pyrolytic carbon on a
Sunset Laboratory thermal-optical carbon analyser. For consistency with the second 20
dataset, transmittance correction was preferred, and for data points for which only re-
ﬂectance corrected data were available, the data were converted to reﬂectance using
relationships derived from linear regression (i.e. for OC, reﬂectance = 0.92 transmit-
tance, R
2 = 0.95, and for EC, reﬂectance = 1.42 transmittance, R
2 = 0.77).
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2.2.4 Data collected at Harwell and EROS site
The second dataset was collected simultaneously at the Harwell and EROS sites from
July 2010 to November 2010 using a Partisol 2025D dichotomous sampler so as to col-
lect separate coarse (PM2.5−10) and ﬁne (PM2.5) particle fractions on QMA quartz ﬁbre
ﬁlters, after correction of the coarse particle load for a small ﬁne particle component. 5
The samples were analysed on a Sunset Laboratory Thermal-Optical instrument using
the EUSAAR 2 protocol (Cavalli et al., 2010). The two Harwell datasets were intercom-
pared, showing an acceptable level of agreement given the diﬀerent protocols and lack
of simultaneous sampling (sample start times were out of phase by 12h). In neither
case were corrections attempted for either positive or negative sampling artefacts. 10
2.2.5 Data available
Data used in this study is presented in Table 1. Table 2 presents the data used for the
examination of seasonal inﬂuences. For this examination, the warm season is deﬁned
by the data collected between the months of May to September and the cold season
is deﬁned by the data comprised between the months of October to April. The smaller 15
dataset (n = 100) collected simultaneously at Harwell and EROS appears in Table 3.
2.2.6 Estimation of secondary OC (SOC) and primary PM10
A method similar to that used in Harrison et al. (2003), Yin and Harrison (2008) and Yin
et al. (2010) has been used. It assumes that EC is inert and is from primary emissions
only and that the ratio OC/EC of primary emissions is known. Ambient OC/EC values 20
higher than the ratio of primary emissions are an indication that a part of OC is SOC.
This method was modiﬁed to use a primary OC:EC ratio of 0.35 as concluded by Pio
et al. (2011). This ratio is representative of primary emissions from road traﬃc. Other
primary emissions, most notably wood burning would be incorrectly classiﬁed as sec-
ondary, but are not thought to be a signiﬁcant contributor at our sites. Measurements of 25
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levoglucosan at EROS (Harrison et al., 2012) indicate low wood smoke concentrations
and the ratio of OC/EC in the urban increment above rural concentrations in Birming-
ham is close of 0.35 (Yin and Harrison, 2008) indicative of traﬃc as the dominant local
primary source. If wood burning were to be a signiﬁcant source, the calculated SOC
concentrations would be higher in winter than summer, which is not the case (see Ta- 5
ble 2). The Harwell site is within a large science park and unlikely to be inﬂuenced by
local wood burning sources. Hence:
– The organic content of PM10 is split into a primary and a secondary fraction using:
secondary OC = measured OC – 0.35 *measured EC.
– For the calculation of the primary PM10 fraction, the secondary organic carbon 10
mass is converted to the organic compounds mass using a factor of 1.8 (from sec-
ondary OC to secondary OM); sulphate and nitrate are converted into ammonium
salts (without bound water). Then, the primary PM10 is calculated as followed:
primary PM10 = measured PM10 – secondary OM – (NH4)2SO4-NH4NO3.
2.3 Meteorological data 15
Wind speed and wind direction data measured directly at the Harwell sampling site are
used in this study. These data were available from January 2006 to December 2008
on the UK National Air Quality Archive. The temperature data used in this study were
measured at the Benson station which is the closest one from the Harwell monitoring
site. These data have been supplied by the British Atmospheric Data Centre (BADC). 20
Air mass back trajectories supplied by the BADC were used to estimate the pathways
followed by air masses arriving at Harwell. BADC 3-dimensional backwards trajectories
were calculated from interpolations of 6h-ECMWF input wind ﬁelds.
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2.4 Concentration ﬁeld map method
In this study the concentration ﬁeld map method of Charron et al. (2008) has been
applied to 2006–2010 data associated with corresponding 5-day backward trajecto-
ries (the largest datasets available are used, see Table 1). Concentration ﬁeld map
methods (CFMM) combine air pollution data and backwards trajectories to establish 5
concentration ﬁeld maps of likely contributing sources. A number of CFMM have been
used to identify regional sources of pollutant measured at a receptor site e.g. the Ash-
baugh method (Ashbaugh, 1983), often called Potential Source Contribution Function
or PSCF, the Seibert method (Seibert et al., 1994); the Stohl method (Stohl, 1996)
and the Simpliﬁed Quantitative Transport Bias Analysis or SQTBA (Zhou et al., 2004). 10
They are purely statistical models and as a consequence, no physical or chemical pro-
cesses are included. Geographical areas identiﬁed by these models must be seen as
potential source areas contributing to concentration values measured at receptor sites.
Concentration ﬁeld map methods have been compared and all give satisfactory results
(Charron et al., 1998; Lupu and Maenhaut, 2002; Zhou et al., 2004). 15
The method used in this paper is a modiﬁcation of the Seibert method (as used
by Charron et al., 2008). The Seibert Method is equivalent to the geometric mean
of concentrations attributed to each grid cell. The geometric mean is biased low as
an estimator of the true mean of population following log-normal distributions and is
generally not the preferred estimator for environmental data (Parkhurst, 1998). The 20
method used computes median particle concentrations rather than geometric means
(Charron et al., 2008).
The pathways of air masses are described by 0.5-h trajectory segment endpoints of
coordinates in terms of latitude and longitude. Each daily concentration is associated
with the two backward trajectories ﬁnishing at 06:00h and 18:00h GMT at Harwell 25
each day (06:00h and 18:00h are better than 00:00h and 12:00h if we consider the
sampling times used to collect air pollution data). Since 120-h backward trajectories
are used and each one corresponds to 240 endpoint locations, 480 endpoint locations
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are associated with each daily particle concentration. The whole geographic region
covered by the trajectories is divided into 150×150km grid cells corresponding to the
EMEP grid of Europe that is a stereographic projection true at 60
◦ N. When a trajectory
endpoint is attributed to a cell, it is assumed that pollutants emitted within this cell
are incorporated into the air mass represented by the trajectory and are transported 5
to the receptor site. No physical and chemical processes are included in this model;
transformation and sink processes between emission sources and the receptor site
are intrinsically assumed for interpretation when known, or neglected. It is arbitrarily
chosen that grid cells with less than 20 trajectory endpoints have a too low statistical
signiﬁcance to be retained and calculations are done only with grid cells counting more 10
than or equal to 20 trajectory endpoints.
A concentration value Cnm attributed to a grid cell (n, m) represents the average
concentrations measured at the receptor site when air masses come from the geo-
graphical area deﬁned by the grid cell (n, m). A large dataset is necessary to ensure
the statistical signiﬁcance of the results. 15
A scale of 5 colours from light yellow to brown is used for the representation of
diﬀerent groups of median concentrations in µgm
−3. Grid cells in white correspond to
grid cells with less than 20 trajectory endpoints.
2.5 EMEP emission data
In order to realize a qualitative and quantitative comparison between the results from 20
the Concentration Field Map method and the maps of the total European emissions,
NO2, SO2, PM2.5 and PM10 emission data for the year 2008 from 25 countries of
Europe have been supplied by the Centre on Emissions Inventories and Projection
(CEIP). EMEP emissions are based on a combination of oﬃcial reported data from Eu-
ropean countries supplemented with corrections and expert estimates for missing data 25
and/or for data of low quality.
As the emission data from CEIP were available on 50×50km grid cells, the emissions
corresponding to 150×150km grid cells are computed in order to compare them with
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data obtained with the Concentration Field Map Method (that uses the former emission
map with 150×150 grid cells).
2.6 Trajectory clusters
The K-mean clustering method was applied to backward trajectories from 2006 to 2010
(5yr). Cluster analysis uses the degree of similarity and diﬀerence between individual 5
observations to deﬁne the groups and to assign group membership (Wilks, 1995). The
aim is to split existing multidimensional data into subgroups (clusters) which are as
diﬀerent as possible from each other, but as homogeneous as possible within them-
selves. The K-mean procedure ensures that a large number of samples can be handled
(contrary to cluster hierarchical methods) and has often been successfully applied to 10
atmospheric data (Wilks, 1995). The measure of distance between individual samples
used here is the Euclidean distance computed from the geographical eastings and nor-
things of trajectory points. The ﬁnal cluster centres are computed as the mean for each
variable within each ﬁnal cluster. Since each backward trajectory is associated with a
set of particle concentrations measured at Harwell, clusters could be associated with 15
average particle concentrations.
3 Results and discussion
3.1 Concentrations measured at Harwell and temporal behaviour
Table 1 presents the concentrations available for this study and median and mean con-
centrations from 2006 to 2010. Not all measurements started in 2006 and the largest 20
datasets available are included in the statistical calculations. Arithmetic mean values
for all pollutants were higher than median values indicating the inﬂuence of episodic
high concentrations (Table 1). The diﬀerence between mean and median values is the
strongest for nitrate and EC and the least for OC. Nitrate and EC are the two particulate
pollutants with concentrations that show the greatest variability as also shown by the 25
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standard deviations which are larger than mean concentrations (contrary to sulphate
and OC). Similar to other observations in Europe (e.g. Lonati et al., 2008), OC largely
dominates the carbonaceous species accounting on average 84% of the total carbon
(TC=OC+EC).
Sulphate and nitrate, which are mainly due to anthropogenic sources, follow a quite 5
similar pattern for the period studied (Fig. S1 in the Supplement). The monthly median
concentrations of sulphate and nitrate are signiﬁcantly correlated (rSpearman = 0.62, sig-
niﬁcant at the 0.01 level) indicating quite similar temporal variations. However, monthly
median nitrate concentrations were higher during the cold season, while no seasonal
variation is seen for sulphate. Interestingly, monthly median concentrations of sul- 10
phate also show signiﬁcant correlations with monthly median concentrations of OC
(rSpearman = 0.39, signiﬁcant at the 0.05 level) and SOC (rSpearman = 0.41, signiﬁcant at
the 0.05 level); while it does not show any signiﬁcant relationship with monthly me-
dian concentrations of EC (rSpearman = 0.20). The absence of signiﬁcant correlation be-
tween OC and EC suggests no single dominant source for the two carbon species. 15
On the contrary, the correlation between sulphate and OC/SOC may be explained by
the mainly secondary origin of these two components that originate from the oxidation
of other atmospheric compounds that are slowly transformed in the atmosphere be-
tween emission sources and Harwell. Their similar trend (both decreased from 2006 to
2010) may also explain the good agreement. Perhaps more surprisingly, monthly me- 20
dian nitrate concentration does not show any correlation with OC (rSpearman = 0.01) and
SOC (rSpearman = −0.06) but a strong correlation with EC (rSpearman = 0.60, signiﬁcant
at the 0.01 level). Diﬀerent hypotheses may explain this signiﬁcant correlation. First, ni-
trate and EC may be from common combustion sources/source areas at more local or
short-range distances than sources responsible for sulphate and SOC (see Wagstrom 25
and Pandis, 2011) in agreement with observations in other locations (Zhao et al., 2007;
Carbone et al., 2010). The seasonal variations of EC and nitrate with higher concentra-
tions during the cold season may also contribute to the signiﬁcant correlation between
these two components. Also, even though nitrate and EC show a decrease from 2006 to
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2010, this decrease is much less important than that of sulphate and OC. Not surpris-
ingly, the chloride does not show any correlation with the other particulate compounds
in agreement with its mainly sea-salt origin at Harwell. Similar conclusions could be
drawn using parametric Pearson correlation coeﬃcients (note that the non-parametric
Spearman correlation does not assume any linear relationship between compounds 5
contrary to the Pearson method).
Monthly median concentrations of nitrate show an inverse relationship to temper-
ature (see Fig. S2 and rSpearman = −0.46, signiﬁcant at the 0.01 level), which is one
of the key inﬂuencing factors since low temperatures favour the partitioning of ammo-
nia and nitric acid into particulate ammonium nitrate (Stelson and Seinfeld, 1982). On 10
the contrary, sulphate, OC and SOC do not show any relationship with air tempera-
ture (rSpearman = 0.04/0.14/0.27 respectively). EC also shows an inverse relationship to
temperature (rSpearman = −0.60, signiﬁcant at the 0.01 level) that can be explained by
more active sources during the cold season (inﬂuence of residential fuel combustion)
and poorer mixing in the winter months. The strong inverse relationship between chlo- 15
ride and air temperature is likely due to the more frequent fast-moving polar air masses
responsible for higher concentrations of chloride during the cold season (see below).
During the cold season, the mean concentration of nitrate was 3.45µgm
−3, whereas
for the warm season it was 1.54µgm
−3 (i.e. 55% lower) (Table 2). Concentrations of
nitrate measured during the cold season are signiﬁcantly larger than those measured 20
during the warm season (signiﬁcances are tested using the Mann-Whitney U test, see
Table 2). Peaks of nitrate are often observed in early spring. This observation is agree-
ment with those in Italy (Lonati et al., 2008) and in the US (Park et al., 2005) but in
disagreement with Arti˜ nano et al. (2004) in Spain who found an increase of the nitrate
concentration during the warm season due to more active conditions of photochemi- 25
cal formation of this pollutant. Again, the arithmetic mean for the nitrate is obviously
inﬂuenced by very high values and the seasonal variations are much weaker than
suggested by the arithmetic means. Indeed, the diﬀerence between warm and cold
seasons for the nitrate is lower (about 41%) considering the median than considering
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the mean concentrations. It is clear that the eﬀects of stronger photochemical activ-
ity at Harwell in the warm season are hidden due to the transfer of particulate nitrate
to gaseous ammonia and nitric acid. Also, the increase of mixing depth in summer
over winter inﬂuences seasonal variations. Revuelta et al. (2012) comment upon the
processes in more detail. 5
Considering sulphate, the mean concentration of this component is quite similar in
the warm season to the cold season. Indeed, for the warm season, the mean concen-
tration for sulphate is 2.07µgm
−3 and for the cold season, it is 2.21µgm
−3, whereas
for the whole data set studied, it was 2.15µgm
−3. Contrary to the mean concentra-
tions (again, that may be strongly inﬂuenced by a few high concentrations), the median 10
concentration of sulphate during the warm season is slightly higher than that in the
cold season. Depending on the location, sulphate may exhibit a seasonal variation
with higher concentrations during the summer period (e.g. Glavas et al., 2008) or no
seasonal variation similarly to Harwell (e.g. Lonati et al., 2008). Lonati et al. (2008) hy-
pothesized that higher emissions of precursor SO2 in winter are oﬀset by the enhanced 15
secondary formation by oxidation during the summer months. The greater mixed layer
depth in the summer is also likely to be an important factor.
In the cases of OC and SOC, even though diﬀerences between mean and median
concentrations for both seasons are weak, OC and SOC concentrations are signiﬁ-
cantly higher during the warm season than during the cold season (signiﬁcance level = 20
0.01, Mann-Whitney test). This is in agreement with the stronger photochemical con-
ditions of the warm season that favour the formation of SOC (that dominates the OC
mass according to the model used). The weak diﬀerence between averages for warm
and cold seasons may be due to the semi-volatile nature of SOC that partitions partly
into the gaseous phase during the warmer months, or by higher emissions of anthro- 25
pogenic organic precursors during the colder months.
In agreement with the strong inverse relationship between chloride and temperature,
concentrations of chloride are signiﬁcantly higher during the cold season.
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3.2 Identiﬁcation of possible local and mesoscale inﬂuence
An examination of the inﬂuence of the wind direction has been conducted (Fig. 2). Re-
lationships to wind direction are useful to detect any local inﬂuence; while, associations
with back trajectories provide information on long-range transport, and a better under-
standing of possible regional inﬂuences. A local inﬂuence is generally identiﬁed when 5
a speciﬁc wind direction is seen as responsible for signiﬁcantly higher concentrations,
while inﬂuences from more distant sources lead to less speciﬁc directions as a con-
sequence of various pathways for approaching air masses. Figure 2 shows that the
concentrations of all particulate components other than chloride at Harwell are higher
when the wind blows from easterly directions. Sulphate and nitrate do not show any 10
markedly higher concentrations associated with a speciﬁc wind direction. On the con-
trary, the EC shows a more marked E-SE direction that exactly corresponds to the
closest parts of the A34 highway. It is concluded that the diesel traﬃc of the A34 high-
way has probably inﬂuenced EC concentrations measured at Harwell. The behaviour
of OC is somewhere between sulphate/nitrate and EC suggesting possible mixed local 15
and regional inﬂuences with a much smaller inﬂuence of local vehicle emissions than
for EC.
An attempt to examine the inﬂuence of Greater London emissions on particle con-
centrations measured at Harwell was conducted without success. Despite the large
database available, the number of data points proved insuﬃcient to examine statisti- 20
cally the inﬂuence of pollutant transport from London without interference from other
inﬂuencing variables (winds from the A34 highway also located to the East, wind speed
and transport from diﬀerent source emission areas on a regional scale).
3.3 Identiﬁcation of potential regional source areas
The identiﬁcation of source regions has been performed through the Concentration 25
Field Map Method (CFMM) and trajectory clustering. Figures 3 and 4 show the Con-
centration Field maps for chloride, nitrate, sulphate, organic carbon, secondary organic
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carbon, elemental carbon, gravimetric PM2.5 and gravimetric PM10. The Concentration
Field Map for chloride is seen in Fig. 3a. Primarily, as expected, it attributes chloride
mainly to marine areas as its main source is seawater, with an emphasis on the longer
(i.e. faster with higher wind speed) trajectories. The main potential sources were the
Atlantic Ocean, the North Sea, and the Baltic Sea. There is however a notable potential 5
source over northern Europe, which may be due to emissions of HCl from coal com-
bustion, or related to the lower temperature of these trajectories limiting volatile loss of
NH4Cl.
Figure 3c shows a strong relationship between sulphate and areas of high sulphur
dioxide emission in central Europe. It is likely there is also a major contribution from 10
Eastern Europe, but this is not shown by the concentration ﬁeld map because of the
sparseness of trajectories crossing the more distant grid squares and therefore the lack
of statistical signiﬁcance of the results. However, there was a highly signiﬁcant corre-
lation of the concentration ﬁeld map with EMEP emissions of SOx with a Spearman
Rank correlation r = 0.65; p< 0.01. The highest concentrations of particulate sulphate, 15
which is an indicator of aged air masses and long range transport, were associated
with a continental origin, and more precisely, from the region from northeast France
and Central Europe as potential source areas. The results for particulate sulphate and
chloride data give conﬁdence in the CFMM results since chloride is an indicator of
maritime origin and sulphate is an indicator of aged continental air masses. 20
In the case of the nitrate, the main potential sources are also located in continental
Europe, (Fig. 3b). Concentrations larger than 4µgm
−3 are associated with the Euro-
pean areas with strong NOx emissions. This is conﬁrmed by a highly signiﬁcant correla-
tion between the map and the EMEP emissions database (Spearman rank correlation
r = 0.67; p<0.001). Note that this correlation coeﬃcient shows the agreement between 25
the cells of the entire European domain and as a consequence is a representation of
the importance of the regional contribution. In the case of nitrate this is probably af-
fected by mesoscale sources (see below), but cells around Harwell do not inﬂuence
the degree of correlation more than the other cells.
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Figure 3d shows the concentration ﬁeld map for particulate organic carbon and
Fig. 4a for secondary organic carbon. The two graphs bear a strong similarity since
the estimated secondary organic carbon dominates the overall concentration. These
maps also bear some similarity to that of sulphate but with a more southerly emphasis
than for sulphate, possibly reﬂecting the importance of emissions of biogenic VOC as 5
precursors of secondary organic aerosol. In particular, the high source strength indi-
cated over France is reﬂective of the pattern of biogenic VOC emissions (Simpson et
al., 1995) and the large biogenic contribution to secondary organic aerosol sampled
over the UK (Heal et al., 2011).
The maps for elemental carbon (Fig. 4b), gravimetric PM10 (Fig. 4c) and gravimetric 10
PM2.5 (Fig. 4d) show broad similarities to one another probably reﬂecting the impor-
tance of population density as a major determinant of emissions of primary particles
and the precursors of secondary aerosol. The map of EC indicates that a part of EC
measured at Harwell is transported from the continent. It also indicates that the EC
also has a local/mesoscale origin (since high concentrations are attributed to Eng- 15
land). This is in agreement with the observations of Wagstroma and Pandis (2011)
who associated EC measured at a rural site in part with local emissions, short-range
emissions transport (within 100km) and mid and long-range transport in contrast to the
more regional contributions to secondary organic aerosol and sulphate. Wagstroma
and Pandis (2011) explained these observations by the slow processes involved in the 20
atmospheric oxidation of SO2 and VOCs into sulphate and secondary organic aerosol.
Similar local or mesoscale origins are observed for the nitrate (Fig. 3b), unlike sul-
phate and OC/SOC that are mainly attributed to long-range transport. This suggests
that nitrate is more rapidly formed in the atmosphere than sulphate and OC, consistent
with known NOx chemistry. The high concentrations attributed to the North Sea for EC 25
and nitrate may be an artefact due to local/mesoscale inﬂuences since such a strong
inﬂuence of maritime transport emissions from this area is not seen in the EMEP emis-
sions inventories. Indeed, a signiﬁcant proportion of arctic air masses are stagnant air
masses (about 47%). Most of these air masses have crossed the North Sea before
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re-circulating over the British Isles and reaching Harwell. Also, because of possible lo-
cal and mesoscale inﬂuences, the EC and nitrate concentration values attributed by
the map may possibly be overestimated as shown by maps computed without data as-
sociated with trajectories that have crossed the London conurbation or associated with
winds blowing from the local highway (see Fig. S8 in the Supplement). 5
The map of gravimetric PM2.5 shows similarities to the map of nitrate and to a lesser
extent to the map of sulphate. The map of gravimetric PM10 shows similarities to the
maps of OC and SOC even though a local inﬂuence is also expected for PM10.
Trajectory clustering of 2006–2010 data resulted in seven trajectories that were in
good agreement with the climatology of principal air masses established earlier for the 10
British Isles (McIntosh and Thom, 1969). Using 7 backward trajectory clusters leads to
results that may be discussed within the framework of established air mass character-
istics over Britain (Fig. 5). Increasing the number of clusters leads to further clusters
over the Atlantic Ocean that are of little interest. The number of trajectories used for
classiﬁcation (1788, one per day from 2006 to 2010) leads to a good signiﬁcance level 15
for the results.
The seven clusters are described with frequencies of occurrence in brackets as be-
low:
C1: stable southerly maritime air masses including tropical maritime air masses
and stable returning polar maritime air masses (16.9%). 20
C2: polar continental air masses (13.1%).
C3: fast-moving polar maritime air masses (9.2%).
C4: polar maritime air masses slower than C3 and stable returning polar maritime
air masses (12.6%).
C5: Arctic maritime and arctic continental air masses (14.4%). 25
C6: includes both slow-moving tropical continental and tropical maritime air
masses (18.5%).
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C7: Arctic and polar maritime air masses (15.2%).
Particle concentrations measured at Harwell for each cluster are represented using
box plots (Fig. 6). The upper side of the box is the 75th percentile and the lower side is
the 25th percentile; the line inside the box is the median and the black circle inside the
box is the arithmetic mean. The distance between the 25th and the 75th percentiles is 5
called the Inter Quartile Range (IQR) such that 50% of the data are included within the
box. The length of the upper whisker is the shorter of these two distances: the distance
between the 75th percentile and the maximal value or 1.5 times the IQR and similarly,
the length of the lower whisker is the shorter of these two distances: the distance
between the minimal value and the 25th percentile or 1.5 times the IQR. When the 10
whisker is 1.5 times the IQR, very high or very low values that may be called “outlier
values” are drawn outside the box plots as black circles.
In agreement with results from the CFMM and former observations by Abdalmogith
and Harrison (2005), the highest concentrations are observed for C2 continental air
masses (except for chloride) and the second highest for C6 slow-moving tropical air 15
masses (again except for chloride) many of which have continental origins (the tropical
continental ones). Low concentrations are associated with maritime air masses (C1,
C3, C4) and the lowest with the fast-moving C3 air masses. The latter air masses are
associated with the strongest winds and are responsible for the highest concentrations
of chloride at Harwell. 20
In the case of sulphate and nitrate, the continental cluster C2 shows the highest av-
erage concentrations exceeding those in the maritime trajectories by a factor of more
than 2. The second highest concentrations were associated with cluster C6, which in-
cludes tropical continental air masses which again had traversed the land of mainland
Europe, presumably accumulating precursors which were converted to secondary par- 25
ticles en route. About one half of the airmasses in the C6 cluster have re-circulated
over the British Isles before reaching Harwell (and about 35% of C6 trajectories were
stagnant). However, the inﬂuence of stagnation on concentration values is only seen
for particulate nitrate (median concentration of 2.5µgm
−3 in the case of stagnation;
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1.8µgm
−3 for the other air masses – signiﬁcance : p = 0.02, Mann Whitney U test).
The concentrations of the other particulate compounds are high and similar whether
air masses have stagnated or not.
The third highest concentrations were associated with cluster C5 (Arctic maritime
and continental air masses). Most of these trajectories have crossed northern and cen- 5
tral England before arriving at Harwell and almost half of them (47%) were stagnant air
masses. The large proportion of re-circulating air masses in cluster C5 may explain the
quite high concentrations associated with this cluster. Indeed, all particulate concentra-
tions (except for chloride) are signiﬁcantly higher in the case of re-circulation over the
UK than for non-stagnant air masses (median concentration for non-stagnant/stagnant 10
airmasses – signiﬁcance Mann Whitney U test: NO
−
3: 1.2/2.2µgm
−3−p<0.001; SO
2−
4 :
1.3/1.9µgm
−3−p< 0.001; OC: 2.2/2.6 µgm
−3−p = 0.030; EC: 0.37/0.59µgm
−3−p =
0.047; PM10: 12.5/15µgm
−3 −p = 0.038; PM2.5: 12/20µgm
−3 −p<0.001).
A similar ranking of trajectories is seen for organic carbon and SOC, but in neither
case is the ratio between continental and maritime trajectories as great as for sulphate 15
and nitrate. The high within-cluster variability for EC probably reﬂects the importance
of local, as opposed to long-range transport eﬀects.
3.4 Seasonal variations of regional source areas
The CFMM applied to chloride, nitrate and EC for warm and cold seasons separately
conﬁrms the observed seasonal variations of these three compounds with higher con- 20
centrations during the cold season (Figs. S3, S4, S5). The CFMM applied to sulphate
(Fig. S6) demonstrates the apparent absence of seasonal variation: during the cold
season, higher concentrations of sulphate (>4µgm
−3) at Harwell are associated with
European areas with high SO2 emissions that are more active during this season;
while, during the warm season, higher concentrations of sulphate (>2µgm
−3) are quite 25
uniformly attributed to European areas with an emphasis upon southerly air masses.
Any increase of sulphate during the warm season might be due to the enhancement of
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photochemical reactions (high solar radiation and temperatures) which facilitates the
conversion of SO2 gases into SO
2−
4 (Kouyoumdjian et al., 2006). This is in agreement
with the hypothesis of Lonati et al. (2008) to explain the absence of apparent seasonal
variation of sulphate.
Results for OC and SOC show similarities with sulphate (even though less obvious) 5
with high concentrations attributed to mainland Europe during the cold season and
more uniform concentrations and an emphasis upon southerly air masses during the
warm season. Higher OC and SOC concentrations attributed to the Atlantic Ocean
during the warm season (also observed for sulphate) suggest the more important pho-
tochemical activity during this season associated with southerly air masses assuming 10
no emission from the ocean (Fig. S7, results not shown for SOC because they are very
similar to OC). However, contrary to sulphate, the contribution of biogenic emissions
during the warmer months leads to signiﬁcant seasonal variations of OC concentra-
tions at Harwell.
An examination of seasonal variations of air masses arriving at Harwell has also 15
been conducted using clusters of backward trajectories. Only the C3 air masses (fast-
moving polar maritime air masses) show clear seasonal variations: these air masses
are about 4 times more frequent during the months of the cold season than during
the warm season. This at least partly explains the seasonal variation of chloride. The
absence of seasonal variations of the other air masses indicates that the seasonal vari- 20
ations of the concentrations of all particulate pollutants (except chloride) could not be
attributed to the seasonal variation of atmospheric transport of air masses to England.
3.5 Composition of the aerosol and wind direction/back trajectory cluster
membership
Gravimetric PM10 data and reﬂectance organic carbon data have been used in the 25
calculations. The pragmatic mass closure model of Harrison et al. (2003) has been
used to estimate the distribution of mass amongst chemical species. This involves
calculation of the mass of NH4NO3, (NH4)2SO4 and secondary organic matter and
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assignment of the remainder as primary. The results appear in Fig. 7 for the relationship
with wind direction and Fig. 8 for the relationship with trajectory cluster.
Unlike absolute concentrations, the average contributions of NH4NO3, (NH4)2SO4,
SOM to the PM10 mass (in %) per wind sector are quite similar (about 15–20%, 9–
12%, 21–28% of the PM10 mass respectively). On the contrary, the average contri- 5
butions of NH4NO3, (NH4)2SO4, SOM to the PM10 mass (in %) strongly depend on
back trajectory clusters (Fig. 8). Larger contributions of secondary aerosols to the PM10
mass are observed for clusters of continental air masses (secondary aerosols are up to
60% of the PM10 mass) than for clusters of maritime air masses (40–45% of the PM10
mass). This result again highlights the signiﬁcance of long-range transport for sulphate, 10
nitrate and OC concentrations measured at Harwell. These ﬁgures also show, in agree-
ment with observations in other European locations (e.g. Putaud et al., 2010; Carbone
et al., 2010; Minguillon et al., 2012) the dominant contributions of ammonium sulphate,
ammonium nitrate and organic matter to the PM mass.
3.6 Elemental and organic carbon from Birmingham (EROS site) and Harwell 15
The EROS site is an urban background site within the University of Birmingham cam-
pus located within the southern suburbs of Birmingham, UK. Samples of airborne par-
ticulate matter were collected simultaneously at the EROS and Harwell sites in coarse
and ﬁne fractions using a Partisol 2025D sampler between July and November 2010.
In all, 100 simultaneous 24-h samples were collected and the concentrations are sum- 20
marised in Table 3. For the purposes of this table, concentrations of primary and sec-
ondary organic carbon have been derived from the OC and EC concentrations assum-
ing a primary OC/EC ratio of 0.35 as indicated by Pio et al. (2011) for circumstances
in which road traﬃc is the main contributor to primary organic carbon. Consequently,
any contribution from industrial emissions or wood smoke would be misclassiﬁed as 25
secondary. However, as Pio et al. (2011) demonstrate, the use of the minimum mea-
sured ratio in the EC tracer method can be highly misleading. The data in Table 3 show
a substantial excess of elemental carbon at EROS relative to Harwell consistent with
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the urban to rural diﬀerence between the sites. On the other hand, the spatial gradient
for organic carbon is much weaker and when presented as secondary organic carbon,
the inter-site diﬀerences are quite small and may be explained by a local non-traﬃc OC
source within Birmingham (Table 3). A plot of calculated secondary OC at the two sites
(Fig. 9) shows data scattered around a 1 : 1 relationship (r
2 = 0.32) suggesting that 5
despite the considerable spatial separation between the two sites, the concentrations
of secondary organic carbon are rather closely related. This further conﬁrms the rather
spatially uniform concentrations of secondary organic carbon. An examination of the
relationship between concentrations at Birmingham (EROS) and Harwell for sulphate
and nitrate produce the following regressions: 10
for sulphate, EROS = 1.09 Harwell (µg m
−3) r
2 = 0.67,
for nitrate, EROS = 1.05 Harwell + 0.11 (µg m
−3) r
2 = 0.70.
The inter-site relationships are clearly closer for nitrate and sulphate than for sec-
ondary organic carbon, but it should be borne in mind that the secondary organic car-
bon is estimated by diﬀerence and that the split between organic and elemental carbon 15
is operationally deﬁned and the analytical procedure may be subject to matrix eﬀects
inﬂuencing the combustion temperature of the carbon. As a consequence, there are
larger uncertainties surrounding the concentration data for secondary organic carbon
which would partially explain the rather weaker relationship. The fact that there was
rather little enhancement of organic carbon in the airmasses travelling over London rel- 20
ative to those which did not (data not shown), is consistent with a rather slow formation
and long persistence of secondary organic aerosol. It should be borne in mind that as
SOC derives from a wide range of precursors, each reacting at a diﬀerent rate, it will
have both distant and more local sources and therefore be less spatially homogeneous
in concentration than sulphate. 25
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4 Conclusions
It is well known that pollution episodes aﬀecting the southern United Kingdom are of-
ten associated with advection of airmasses from the European mainland. Thus, in the
case of PM2.5, for example, polar plots show the highest concentrations associated
with winds in an easterly sector (Harrison et al., 2012). Our earlier work (Abdalmogith 5
and Harrison, 2005) has shown a clear association between concentrations of nitrate
and sulphate and airmasses originating from continental Europe. The current study has
strengthened and extended those conclusions. In this work, primary components such
as chloride and EC are examined simultaneously with secondary components (sul-
phate, nitrate, SOC) in order to better understand the behaviour of secondary aerosol 10
constituents. With respect to sulphate and nitrate, the work has demonstrated source
regions which correlate strongly with EMEP maps of precursor emissions. The relative
emphasis on areas in mainland Europe as opposed to the United Kingdom seen for
sulphate, presumably reﬂects the relatively slow formation of these pollutants during
atmospheric transport. In the case of nitrate, results showed both contributions from 15
long-range transport (mainland Europe) and local/mesoscale sources as an indication
of faster formation in the atmosphere of particulate nitrate than particulate sulphate.
This has considerable policy relevance in highlighting the fact that cutting UK precur-
sor emissions without aﬀecting emissions in mainland Europe would be of rather limited
beneﬁt with respect to sulphate and nitrate concentrations. 20
The interesting extension to this work relates to carbonaceous aerosol and especially
secondary organic aerosol. This shows some features similar to sulphate, with others in
marked contrast. Like sulphate and nitrate, secondary organic carbon shows consider-
able uniformity across sites at some distance from one another. It is therefore a regional
rather than a local pollutant. The concentration ﬁeld map for secondary organic car- 25
bon emphasises the importance of source areas in mainland Europe showing a more
southerly emphasis than for nitrate and similarities with sulphate. However, contrary
to sulphate, concentrations of OC and SOC at Harwell are signiﬁcantly higher during
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the warmer months. Since secondary organic carbon derives from both anthropogenic
and biogenic precursors (Utembe et al., 2009) the southerly emphasis and seasonal
variations may reﬂect a signiﬁcant contribution from biogenic precursors whose release
is favoured by higher temperature and sunshine levels. The somewhat weak diﬀerence
between OC concentrations measured during warmer and colder months (contrary to 5
other particulate compounds such as EC, chloride and nitrate that showed strong sea-
sonality) may be due to the semi-volatile nature of SOA and the fact that it will tend to
partition into the vapour phase as air temperatures increase.
Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/27255/2012/ 10
acpd-12-27255-2012-supplement.pdf.
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Table 1. Statistics of PM components and metrics measured at Harwell between 2006 and
2010 and included in the calculations. Concentrations in µgm
−3.
chloride nitrate sulphate OC EC gravimetric gravimetric
PM2.5 PM10
mean 1.27 2.61 2.15 2.33 0.45 14.9 18.2
SD 1.31 3.32 1.86 1.41 0.76 8.7 10.9
median 0.87 1.40 1.55 2.08 0.24 12.0 15.0
range 0–10.24 0.01–35.8 0–15.9 0.07–14.7 <dl–10.9 3–62 2–79
N 1581 982 732 602
sampling time 2006–2010 10/2007–2010 09/2008–2010 2006–2010
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Table 2. Medians, 75th and 25th percentiles and arithmetic mean concentrations of chloride,
nitrate, sulphate, organic carbon (OC), elemental carbon (EC) and secondary organic carbon
(SOC) for the cold season (October to April) and warm season (May to September). Concen-
trations in µg m
−3. The Mann Whitney U test tested the H0 hypothesis that the distributions are
the same in both seasons. ** means that the signiﬁcance level is 0.01 and * means that the
signiﬁcance level is 0.05.
Season Statistics Chloride Nitrate Sulphate OC EC SOC
N 887 887 887 578 578 578
Cold median 1.20 1.86 1.49 1.98 0.34 1.83
Cold p0.75 2.19 4.57 2.73 2.78 0.72 2.54
Cold p0.25 0.64 0.85 0.91 1.31 0.06 1.25
Cold mean 1.64 3.45 2.21 2.30 0.57 2.10
N 694 694 694 404 404 404
Warm median 0.39 1.09 1.63 2.20 0.10 2.13
Warm p0.75 1.09 1.87 2.52 3.04 0.45 2.98
Warm p0.25 0.15 0.66 1.12 1.49 0.00 1.43
Warm mean 0.79 1.54 2.07 2.38 0.28 2.28
Mann-Whitney U test Reject H0 (**) Reject H0 (**) Retain H0 Reject H0 (*) Reject H0 (**) Reject H0 (**)
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Table 3. Statistical data for EC, OC, OCprim and OCsec (µg m
−3) at EROS and Harwell sites
collected simultaneously, (OC/EC)min = 0.35; n = 100.
PM2.5 PM2.5−10 PM10
Mean Range Mean Range Mean Range
EROS
EC 1.0±1.1 0.2–8.2 0.04±0.1 <dl–0.5 1.0±1.1 0.2–8.3
OC 2.3±1.6 0.9–12.1 1.2±0.6 0.5–5.3 3.5±1.8 1.6–13.7
OCprim 0.4±0.4 0.1–2.9 n.a n.a 0.4±0.4 0.1–2.9
OCsec 2.0±1.3 0.7–9.2 n.a n.a 3.1±1.5 1.4–10.8
Nitrate 1.61±2.11 <dl–10.88 0.63±0.64 <dl–3.29 2.25±2.49 <dl–12.49
Sulphate 1.60±1.35 0.32–6.48 0.25±0.17 <dl–0.89 1.85±1.47 0.55–7.37
HARWELL
EC 0.4±0.4 <dl–1.9 0.03±0.1 <dl–0.5 0.4±0.4 <dl–2.2
OC 1.8±0.9 0.5–4.8 1.0±0.5 0.4–3.3 2.8±1.1 1.0–7.0
OCprim 0.1±0.1 <dl–0.7 n.a n.a 0.1±0.2 <dl–0.8
OCsec 1.6±0.8 0.5–4.5 n.a n.a 2.7±1.0 0.9–6.6
Nitrate 1.44±2.02 0.03–11.65 0.71±0.68 <dl–0.89 2.16±2.50 0.16–14.75
Sulphate 1.47±1.24 0.05–6.76 0.35±0.40 <dl–2.36 1.82±1.40 0.36–7.53
n.a. = not available
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Bournemouth
Norwich
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France
Oxford
Harwell
Fig. 1. Map of England with the locations of Harwell, Birmingham and London (stereographic
projection true at 60
◦ N).
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Fig. 2. Median concentrations per wind sector in µgm
−3.
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(a)    (b)   
below 0.7 µg/m
3    0.7 – 1.5  µg/m
3   1.5 – 2.5  µg/m
3 
2.5 – 3  µg/m
3    above 3 µg/m
3 
 below 1.5 µg/m
3    1.5 – 2  µg/m
3  2 – 4  µg/m
3 
4 – 5  µg/m
3    above 5 µg/m
3 
(c)    (d)   
 below 1.5 µg/m
3   1.5 – 2  µg/m
3   2 – 4  µg/m
3 
4 – 5  µg/m
3      above 5 µg/m
3 
below 2 µg/m
3   2 – 3  µg/m
3   3 – 4  µg/m
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  Fig. 3. Concentration ﬁeld map of (a) particulate chloride; (b) particulate nitrate (c) sulphate (d)
particulate OC.
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  Fig. 4. Concentration ﬁeld map of (a) Secondary OC, (b) EC, (c) gravimetric PM10, (d) gravi-
metric PM2.5.
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Fig. 5. Final centres of 7 clusters (K-mean partitioning method) of backward trajectories ﬁnish-
ing at Harwell during the 2006–2010 period.
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− measured at Harwell for
each cluster.
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Fig. 7. Composition of PM using the pragmatic mass closure model as a function of wind sector
direction (a) absolute values in µgm
−3 and (b) % of PM10 mass.
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Fig. 8. Composition of PM using the pragmatic mass closure model as a function of back
trajectory clusters (a) absolute values in µgm
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Fig. 9. Relationships between EROS and Harwell concentrations of EC, OC, primary and sec-
ondary OC calculated by the OC/EC minimum ratio of 0.35. Regression line by Reduced Major
Axis method.
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